Dynamics of degranulation was studied in horse eosinophils by patch clamp capacitance measurements. Degranulation was stimulated by intracellular application of calcium, and GTP␥S or guanosine 5-(␤,␥-imido)-triphosphate at different concentrations via the patch pipette. Degranulation was quantified by measuring the delay time between the beginning of intracellular perfusion and the first exocytotic event, determining the distribution of time intervals between fusion events and the capacitance step size distributions under the different conditions. The degranulation dynamics could be well reproduced using a computer model assuming three independent rate constants for granule-plasma membrane fusion, granule fusion with already exocytosed granules, and intracellular granule-granule fusion. The rate of granule-plasma membrane fusion is sensitive to both, the GTP analog and 
In many cell types release of preformed materials stored in secretory vesicles or granules occurs by the mechanism of exocytosis, i.e. by fusion of the perigranular membrane with the plasma membrane. Eosinophils play an important role in killing of multicellular parasites (1) . After contact with the parasite surface the cytotoxic proteins stored within the secretory granules are released onto the parasite surface. Following adherence the appearance of large cytoplasmic vacuoles was thought to reflect multigranular compounds formed by granule-granule fusion directing the contents of many granules to a single release site (2) (3) (4) (5) . Using simultaneous fluorescence imaging and whole-cell membrane capacitance measurements and electron microscopy we have shown that in eosinophils focal release of granular contents is achieved by intracellular granule-granule fusion followed by compound exocytosis and also by cumulative fusion of granules with the membrane of a granule that had already fused with the plasma membrane (35) .
A number of experiments indicate that in addition to their capability to fuse with the plasma membrane, secretory granules are also able to perform homotypic fusion among themselves. High intracellular calcium ([Ca 2ϩ ] i ) stimulates fusion among cortical granules from sea urchin eggs (6) , and fusion among chromaffin granules was obtained in the presence of high calcium, annexins, and arachidonic acid (7) . Fusion among dense core vesicles was observed in pituitary nerve terminals in the presence of 50 -100 M [Ca 2ϩ ] i (8) , and extensive fusion among secretory granules was stimulated by intracellular application of 80 -160 M GTP␥S in eosinophils (9, 10) . Granulegranule fusion has recently been directly imaged in pituitary lactotrophs (11, 12) , and patch clamp and amperometric techniques provided evidence for compound exocytosis in neutrophils (13) and ␤-cells (14) . Evidence for cumulative fusion of granules with the membrane of previously exocytosed granules has been found in eosinophils (10, 35) as well as pituitary lactotrophs (12) and pancreatic acinar cells (15) .
Here we demonstrate that the three different types of fusion events occurring during eosinophil degranulation, namely granule-plasma membrane fusion, and granule-granule fusion and granule-fused granule fusion, are differentially controlled by intracellular second messengers and that granule-granule fusion is selectively stimulated by extracellular stimulation with concanavalin A (ConA).
EXPERIMENTAL PROCEDURES
Cell Preparation-Horse eosinophils were isolated from fresh blood from the jugular vein of horses and purified over discontinuous Percoll gradients as described (10) . Isolated cells were suspended in Medium 199 containing 4 mM glutamine, 4.2 mM NaHCO 3 , and penicillin/streptomycin, pH 7.3-7.4, stored at room temperature, and used within 2-4 days.
Patch Clamp Experiments-About 50 -100 l of the cell suspension were transferred into a Petri dish with a coverslip as bottom. After a few minutes to allow the cells to settle on the glass, the dish was perfused with standard external saline (140 mM NaCl, 5 mM KCl, 2 CaCl 2 , 1 mM MgCl 2 , 10 -20 mM glucose, 10 mM HEPES/NaOH, pH 7.2-7.3). The whole-cell configuration with the contact between the cytosol and the solution inside the micropipette was used to internally perfuse the cells. The internal solution contained 125 mM potassium-L-glutamate, 10 mM NaCl, 7 mM MgCl 2 , 1 mM Na 2 ATP, and 10 mM HEPES/NaOH, pH 7.2-7.3. CaCl 2 , EGTA, GTP␥S, and guanosine 5Ј-(␤,␥-imido)triphosphate (Gpp(NH)p) were varied as follows. For experiments at high intracellular calcium concentration ([Ca 2ϩ ] i ), the pipette solutions contained 5 mM EGTA and 4.5 mM CaCl 2 , the resulting [Ca 2ϩ ] i was calculated to be 1.5 M. In the solutions with low [Ca 2ϩ ] i (Ͻ10 nM) 7 mM EGTA was added and CaCl 2 was omitted. The osmolarity of the external solution was adjusted with D(ϩ)glucose until it exceeded the internal solution by a few mosmol. All experiments were done at room temperature.
Capacitance Measurements-The change of cell membrane capacitance was measured as the imaginary component of the admittance change of the cell using a lock-in amplifier and a EPC-9 patch clamp amplifier (List Electronics, Darmstadt, Germany). Command voltage signal was an 800 Hz, 20 mV (root mean square) sine wave, and the current output signal was analyzed by a 2-phase lock-in amplifier (5210, EG&G PAR, Princeton, NJ) (16) and sampled by the computer every 22 ms. After attaining the whole-cell configuration the bulk capacitance of the cell was compensated. During the measurement of the capacitance the phase error of the lock-in was determined using the phase tracking technique (17) .
Quantification of Capacitance Changes-The delay, time intervals, and step size ⌬C m of a distinct capacitance increase in consequence of a fusion of a granule with the plasma membrane were determined by visual examination of the capacitance traces on the computer screen using cursor lines (Fig. 1) . To calculate the percentage of capacitance increase generated by steps in a certain range (bin), the number of steps in that bin was multiplied with the step size corresponding to the center of the bin and divided by the total capacitance increase generated by the sum of all steps in the distribution.
Computer Simulation of Degranulation-Computer simulations were performed assuming resting cells with 50 granules, each of them formed by the fusion of 1 to 21 unit granules with a capacitance of 6 fF. The size of the granules, expressed in numbers of fused unit granules, was normally distributed with a maximum at 11 unit granules, similar to the distribution observed experimentally (18) . The model uses three different rate constants for granule-plasma membrane fusion (k gp ), granule-exocytosed granule fusion (k ge ), and intracellular granule-granule fusion (k gg ). The individual probability for the fusion of a particular single granule was assumed to be proportional to its membrane area. The granules were polled 6000 times in 150 ms intervals to determine whether a fusion event occurred during this time interval. For each cell the degranulation is therefore simulated for a duration of 15 min. The simulation yields a capacitance trace with steps according to the size of the fused granules and separated by the corresponding time intervals analogous to experimental recordings but free of noise. In addition, the computer program tracks the number of degranulation sacs for each cell. For each set of parameters, k gp , k ge , and k gg , 30 simulations were carried out and the simulated capacitance traces were analyzed to determine delay, time intervals between steps, and step sizes, exactly like the experimental recordings. (19) , neutrophils (20) , and eosinophils (21) intracellular application of GTP␥S stimulates degranulation. The kinetics of exocytosis is modulated by the intracellular free calcium concentration [Ca 2ϩ ] i (20, 22, 23) . To test whether both exocytosis and granule-granule fusion in eosinophils are influenced by [Ca 2ϩ ] i in the same way, cells were internally dialyzed with pipette solutions containing either 7 mM EGTA ([Ca 2ϩ ] i Ͻ 10 nM) or 5 mM EGTA and 4.5 mM CaCl 2 ([Ca 2ϩ ] i ϳ 1.5 M) in the presence of GTP␥S. To characterize the dynamics of degranulation three parameters were analyzed: i) the delay between patch rupture and the first capacitance step (Fig. 1A) , indicating the time between beginning of internal dialysis and the first fusion of a specific granule with the plasma membrane; ii) the time intervals between consecutive capacitance steps indicating the time intervals between exocytotic fusion events (Fig. 1B) ; and iii) the capacitance step size distributions indicating the extent of granulegranule fusion preceding exocytosis of granules or multigranular compounds (Fig. 1B) .
RESULTS

High [Ca 2ϩ ] i Facilitates Exocytotic Fusion, but Not Granuleto-Granule Fusion-In mast cells
The mean delays obtained under the different experimental conditions are shown in Fig. 2A as the shaded bars. At a given GTP␥S concentration the delay is about 3-fold longer at low [Ca 2ϩ ] i than at high [Ca 2ϩ ] i . The prolongation is 3.1-fold with 20 M and 2.6-fold with 80 M GTP␥S. The delay also tends to be shorter at the higher GTP␥S concentration. Even when the stimulation conditions are kept constant, the delay observed in individual degranulations varied substantially from one cell to another. We formally calculated the standard deviations to quantify the scatter (Fig. 2B, solid lines) , although the distributions of delays were not gaussian.
The ] i the time constant was 11.1 s at both GTP␥S concentrations (exocytotic rate k ϭ 0.09 s Ϫ1 at 20 and 80 M GTP␥S). The exocytotic rate during degranulation is thus independent of the GTP␥S concentration but at [Ca 2ϩ ] i ϳ 1.5 M the rate of exocytotic fusion events is ϳ2.4-fold higher compared with that at [Ca 2ϩ ] i Ͻ 10 nM. As in other secretory systems (24) , and as for transducin (25) and G S (26) , another poorly hydrolyzable GTP-analog, Gpp(NH)p, is expected to be also stimulatory but with lower potency. When cells were internally dialyzed with a solution containing Gpp(NH)p complete degranulation was induced as well. However, compared with GTP␥S about 10 times higher concentrations of Gpp(NH)p were required to attain similar delays, rates of exocytotic events, and step size distributions (data not shown).
Besides exocytotic fusion, GTP␥S at high concentrations stimulates intracellular granule-granule fusion as indicated by the occurrence of very large capacitance steps (10) and as demonstrated directly by fluorescence imaging and electron microscopy (35) . The number and size of large steps depends on the ratio of the rates at which granule-to-granule fusion and exocytotic fusion occur (9) . If [Ca 2ϩ ] i had a similar effect on both rates, then the step size distributions should not be affected by [Ca 2ϩ ] i . However, if [Ca 2ϩ ] i accelerates only the exocytotic rate and has no effect on the rate of intracellular granule-granule fusion, then the steps should become larger at low [Ca 2ϩ ] i because more time would remain for the granules to fuse with each other before the compounds fuse with the plasma membrane. Indeed the number of steps Ͻ200 fF decreases and more large steps occur in experiments with low [Ca 2ϩ ] i (Fig. 3B) . Simulation of the Degranulation-To determine whether the change in step sizes is quantitatively explained by a [Ca 2ϩ ] i dependence of the exocytotic rate alone, degranulation was simulated using a model with three distinct rate constants for three different fusion processes (9) (Fig. 4A ). In this model we allow a granule to fuse either directly with the plasma membrane (rate k gp ), with another granule (rate k gg ), or with the membrane of an already exocytosed granule (rate k ge ). All three rate constants are defined per unit area of membrane such that the probabilities for fusion are proportional to the surface areas of the fusing compartments. Using combined fluorescence imaging and equivalent circuit analysis we have shown that during degranulation of eosinophils a degranulation sac is formed by cumulative fusion events (35) . Granule-plasma membrane fusion is thus a rare event during eosinophil degranulation, and the rate of exocytotic events during degranulation is thus dominated by the rate of granule-exocytosed granule fusion k ge . The delay exclusively depends on the rate k gp because the target compartment for granule-exocytosed granule fusion does not exist before the first exocytotic event occurs. Accordingly, the value of k gp was estimated from the experimentally observed delays. The rate constant k ge for fusion of a granule with already exocytosed granules was deduced from the exocytotic rate that depends on [Ca 2ϩ ] i . The resulting step size distribution essentially depends only on the ratio of k gg versus the exocytotic rates k ge and k gp .
Examples of simulated traces for two different sets of rate constants are shown in Fig. 4B . Due to the stochastic simulation method, each simulated trace was different even when the same set of rate constants was used, just as in experiments where the exact time course of degranulation of one cell is never repeated by a second cell. The simulated traces were statistically analyzed in the same way as the experimentally measured traces. Using the rate constants given in Table I good correspondence between simulated degranulations and the experimental results was obtained for the four different experimental conditions.
The mean values of the delays occurring in the simulations Table I ).
FIG. 3. Statistical analysis of degranulation dynamics. A, frequency distributions of the time intervals between adjacent capacitance steps for different concentrations of GTP␥S and free Ca 2ϩ (vertical lines)
. The distributions were fitted by single exponentials (smooth decaying lines) giving the indicated rate constants (k). B, capacitance step size distributions obtained under the different experimental conditions.
FIG. 4.
A, degranulation model with three different fusion processes and the corresponding rate constants. The fusion probabilities are assumed to be proportional to the membrane areas of the two fusing membranes. B, representative simulated capacitance traces obtained with two different sets of rate constants as given in Table I are shown in Fig. 2A as the unshaded bars. The data are in very good agreement with those obtained from experimental recordings. In addition, also the standard deviations of the delays obtained in the simulations (Fig. 2B, dashed lines) are similar to the experimentally observed standard deviations (solid lines). The frequency distributions of the time intervals between successive capacitance steps in the simulations are shown in Fig. 5A . As for the experimental data, the distributions are well fitted by single exponentials, and the fits gave the same apparent rates as those obtained experimentally (Fig.  3A) . Fig. 5B shows the step size distributions obtained in the simulations. As in the experiments, the number of small steps decreases and additional large steps occur in simulations using parameters for low [Ca 2ϩ ] i . The simulations provide an interesting result. The rate k gg depends only on the GTP␥S concentration, k ge depends only on [Ca 2ϩ ] i , and k gp depends on both [Ca 2ϩ ] i and GTP␥S concentration (Table I) . Concanavalin A Stimulates Granule-to-Granule Fusion-Using electron microscopy it was observed that the lectin ConA induces the emergence of large vacuoles inside eosinophils (27) . To test if this observation reflects stimulation of granule-togranule fusion in intact cells, we performed capacitance measurements on cells preincubated with ConA.
Cells incubated with 20 g/ml ConA for one hour had an initial capacitance C i ϭ 3.1 Ϯ 0.4 pF (S.D., n ϭ 19), indistinguishable from that of control cells with C i ϭ 3.0 Ϯ 0.4 (S.D., n ϭ 27). Thus, the plasma membrane area had not increased during incubation. When the cells were internally dialyzed with a solution containing 5 M GTP␥S ([Ca 2ϩ ] i ϳ 1.5 M), the cell capacitance increased by 3.9 Ϯ 0.9 pF (S.D., n ϭ 18), not significantly different from control cells not incubated with ConA (4.0 Ϯ 0.9, S.D., n ϭ 27). These results indicate, that ConA did not stimulate degranulation during the one hour incubation because plasma membrane area did not increase, and the same amount of granules is present inside the cells after incubation with ConA and can be stimulated to be exocytosed by GTP␥S. Fig. 6A shows the effect of the ConA incubation on the step size distribution. After incubation with ConA many large steps of up to 700 fF capacitance occur in the presence of only 5 M GTP␥S, whereas at this GTP␥S concentration no steps Ͼ300 fF were seen in control cells (Fig. 6A) . The exocytotic rates determined from the frequency distributions of time intervals between exocytotic events (Fig. 6B) were similar in ConA-treated cells and control cells. These results indicate that ConA does not stimulate exocytosis, but stimulates intracellular granulegranule fusion. The thus formed multigranular compounds then fuse with the plasma membrane, when exocytosis is stimulated by intracellular GTP␥S.
DISCUSSION
In eosinophils three different fusion processes of secretory granules have been identified (35) : exocytotic fusion of secretory granules with the plasma membrane, cumulative fusion of granules with the membrane of already exocytosed granules, and intracellular fusion among cytoplasmic granules. The dynamics of degranulation can be well reproduced using a simple model assuming three distinct rate constants for the fusion events with the three different target membranes. We have shown here that the different rate constants are differently affected by [Ca 2ϩ ] i or the type or concentration of the poorly Table I . A, frequency distributions of the time intervals between capacitance steps. B, step size distributions determined from simulated degranulation traces. hydrolyzable GTP analog used.
Uniqueness of the Model-The first important question to be asked is if the set of parameters given in Table I is unique or if other values for the different rates under certain experimental conditions would reproduce the data as well. The first parameter is the rate for granule-plasma membrane fusion k gp . This rate alone determines the delay. For a given total area of granule membrane and plasma membrane, which does not vary much among cells, the rates k gp that provide delays in the simulation that agree with the experimentally observed delays are unique. The delays that come from the model are completely independent of the choices for k ge and k gg . The independence of k ge is obvious because the target compartment does not exist before the first fusion event occurs. The reason for the independence of k gg is that the fusion probability for a granule or compound is assumed to be proportional to its total membrane area. Thus, the probability for the first fusion event to occur is the same when all granules are still individual ones or when some or even all of them have fused into a large compound.
The rates at which exocytotic events occur, once the first granule or compound was exocytosed, is dominated by the rate k ge . Combined fluorescence imaging and admittance analysis have shown that once exocytosis has occurred, granules preferentially fuse with previously exocytosed granules leading to an enlarging degranulation sac (10, 35) . The experimentally observed independence of the rate at which exocytotic events occur following the delay of the GTP␥S concentration requires that the rate k ge that dominates this parameter is independent of the GTP␥S concentration. Again, the exocytotic rate is independent of the degree of granule-granule fusion because the fusion rate of a compound or granule is expected to be proportional to its membrane area. Once these rates are determined, the rate k gg must then be varied such that the observed capacitance step size distributions that are measured under certain experimental conditions are reproduced. This variation must be done without varying k gp and k ge because any variations of these would change the delay or the rate of exocytotic events and these changes cannot be compensated by changes of k gg . The sets of parameters for the rates k gp , k gg , and k ge are thus unique. The only assumption made in the model is that the fusion probability of a granule or compound is proportional to its membrane area. We consider this the most likely possibility because the number of potential fusion sites or fusion machines should be directly proportional to the membrane area.
Ca 2ϩ Regulates Granule-Plasma Membrane Fusion and Granule-exocytosed Granule Fusion- [Ca 2ϩ ] i affects the delay and the time intervals between exocytotic fusion events. This observation fits well with previous results obtained for mast cells and neutrophils where degranulation can also be stimulated by intracellular application of poorly hydrolyzable GTPanalogs, even when [Ca 2ϩ ] i is buffered below resting levels (20, 22, 28) . In mast cells the exocytotic rate increases during transient elevations of [Ca 2ϩ ] i (22) and in neutrophils the delay becomes longer and the exocytotic rate decreases when [Ca 2ϩ ] i is buffered below resting levels (23) . In contrast to the exocytotic rates k gp and k ge , the rate of intracellular granule-granule fusion k gg is not significantly affected by [Ca 2ϩ ] i but is strongly dependent on the type and concentration of the GTP analog used. This result is in line with a report showing that in macrophages intracellular granule-phagosome fusion is a calcium-independent event (29) .
Upon Exocytosis the Granule Membranes Become Highly Fusogenic-Following the first exocytotic events, granules fuse preferentially with the membrane of already exocytosed granules. In our model, the marked transition in fusion competence, which occurs in the granule membrane upon its exocytosis, is assumed to be instantaneous. Thus, a rapid change must occur, the nature of which remains to be elucidated. Upon exocytotic fusion the granular membrane potential is rapidly discharged and the intragranular milieu changes its pH and composition. This may lead to a change in membrane tension but could also result in specific changes in transmembrane proteins that might be involved in the fusion process. Evidence for cumulative fusion of granules with granules already fused with the plasma membrane has recently been obtained in pituitary lactotrophs (12), the ribbon synapse (30) , and pancreatic acini (15) . It was suggested that cumulative granule-fused granule fusion may be dependent on a diffusible factor in the membrane (possibly a t-SNARE) that moves from the plasma membrane to the first fused granule and subsequently into the membrane of other granules fused with the exocytotic structure making the membranes fusion competent (15) . However, in eosinophils intracellular homotypic granule-granule fusion does occur indicating that the granules contain functional t-SNAREs and diffusion of a t-SNARE from the plasma membrane into membranes of exocytosed granules may not be required. In fact, granule plasma membrane fusion is a rare event in eosinophils suggesting that the enhanced fusion competence of the membranes of exocytosed granules is not based on t-SNARE diffusion from the plasma membrane.
GTP␥S Modulates Granule-Plasma Membrane Fusion but Not Granule-exocytosed Granule Fusion-We found that in eosinophils the rate of granule-exocytosed granule fusion is completely insensitive to the type and concentration of GTP analogs. It may be possible that granule fusion with exocytosed granules would even occur in the absence of any poorly hydrolyzable GTP analog, but this possibility could not be tested because in the absence of GTP␥S or Gpp(NH)p the target compartment does not exist. If activation of granule-exocytosed granule fusion also involves GTP binding proteins, then these must have much higher sensitivity to the GTP analogs and must thus be different from those GTP binding proteins mediating the rates k gp and k gg .
In pituitary lactotrophs, growing exocytotic sites were observed by fluorescence imaging, suggesting that this mechanism may actually involve cumulative fusion (12) . Forskolin, which increases intracellular cAMP, was found to stimulate compound exocytosis whereas granule-plasma membrane fusion was unchanged (12) . This data also points to a differential regulation of granule-plasma membrane fusion and granuleexocytosed granule fusion.
Evidence for compound exocytosis and in particular cumulative fusion has come from studies on pancreatic acinar cells (15) , pituitary lactotrophs (12) , and the ribbon synapse (30) . In all these cell types secretion is directed toward a certain site that is pre-defined by the tissue morphology, and it appears that a mechanism of cumulative fusion effectively targets granular contents to focal sites. In eosinophils focal release is also an important feature of exocytosis for effective parasite killing. In contrast to tissue cells, however, the site of release is not pre-defined in circulating granulocytes but is defined by the stimulus, the contact with the parasite surface. Cumulative fusion thus appears to be a widely conserved mechanism of focal release from several granules in a wide variety of cell types.
Intracellular Granule-Granule Fusion Is Modulated by GTP Analogs but Not by Ca
2ϩ -There is clear evidence for homotypic granule-granule fusion and compound exocytosis for several granule types including chromaffin granules (7), sea urchin egg cortical granules (6), dense core vesicles in pituitary nerve terminals [Ca 2ϩ ] i (8), eosinophils (10, 31), neutrophils
